Macroautophagy (hereafter referred to as autophagy) is a highly conserved catabolic process and involved in various cellular functions. It occurs under physiological conditions at basal level and has a role in cell homeostasis by degrading misfolded as well as long-lived proteins and damaged organelles. Material to be degraded gets sequestered in vesicles known as autophagosomes that ultimately fuse with lysosomes. Autophagy is differentially regulated in aging and is also involved in pathophysiological processes including cancer.^[@bib1],\ [@bib2],\ [@bib3]^ Canonical autophagy responds to environmental cues *via* a variety of factors that mainly belong to homologs of autophagy-related (atg) genes originally identified in yeast.^[@bib4]^ The two major regulators controling canonical autophagy are the mammalian target of rapamycin (mTOR) complex 1 (mTORC1) that negatively regulates autophagic activity and the Beclin1/class III phosphatidylinositol 3-kinase (PI3K) complex required for nucleation of the autophagosomal membrane. Membrane expansion is carried out by two ubiquitin-like conjugating systems (ATG12-ATG5 and ATG8/LC3) and the ATG18 protein family members WD repeat domain phosphoinositide interacting 1-3 (WIPI1-3) (autophagy regulation is excellently reviewed in refs. [@bib5], [@bib6], [@bib7]).

However, recently non-canonical autophagy pathways were discovered that differ from canonical signaling, as they do not necessarily require the hierarchical action of the ATG proteins and protein complexes.^[@bib8]^ For example, Beclin1-independent or mTORC1- and ULK1 complex-bypassing non-canonical autophagy routes are known^[@bib9],\ [@bib10],\ [@bib11],\ [@bib12]^ but they finally all lead to fusion of autophagosomes with lysosomes and degradation of substrates in these acidic compartments.

In line with the complexity of the so far described autophagy pathways are numerous implications of autophagy in pathophysiological processes. For example, early tumorigenesis and tumor maintenance as well as the effectiveness of therapeutic intervention are affected by autophagy.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16]^ Altered ATG protein expression and altered autophagic activity have been shown in different cancer tissues ranging from glioblastoma stem cells to breast cancer cells. Recently, the co-chaperone Bcl-2-associated athanogene 3 (BAG3) that modulates age-related autophagic activity was shown to diminish proteotoxicity *via* selective autophagy and is highly expressed in estrogen receptor-positive neuroblastoma and breast cancer cells.^[@bib17],\ [@bib18],\ [@bib19],\ [@bib20],\ [@bib21]^

Breast cancer is one most leading cause of cancer-related death in women. A great effort is ongoing to develop new strategies for treating its various forms subdivided into three classes: (I) hormone receptor-positive breast cancers that display approximately 70--80% of all cases, (II) human epidermal growth factor receptor 2 (HER2) overexpressing cancers in approximately 10--15% of all cases and (III) the remaining 10--15% of breast cancers that are defined by hormone receptor and HER2 negativity.^[@bib22],\ [@bib23],\ [@bib24]^ Estrogen receptor (ER)-positive breast cancers show expression of two structurally related receptors ER*α* and ER*β*. Of these, ER*α* is the predominant subtype expressed in breast tumor tissue as it primarily stimulates cancer cell growth.^[@bib25]^ Both receptors bind estrogen (17*β*-estradiol, E2) as ligand and patients with ER-positive tumors are currently treated with anti-hormone therapy utilizing either anti-estrogens (AE) interfering with ER signaling directly or blocking E2 synthesis with aromatase inhibitors. However, almost 40% of ER-positive breast cancers fail to respond to AE and tumor cells often develop resistance to anti-hormone therapy.^[@bib26]^ Despite much progress in understanding this disease the number of patients dying from breast cancer is not decreasing substantially. This emphasizes the need for alternative strategies or add-on concepts in treating breast cancer. Autophagy inhibitors sensitize cancer cells to anti-cancer therapy and, therefore, currently represent attractive therapeutic tools.^[@bib27]^ Nevertheless, as breast cancer is a heterogeneous disease and acquired resistance to anti-hormone therapy and efficacy of autophagy inhibitors can individually vary personalized treatment concepts focusing on detailed description of the autophagy pathway is needed.

In the present study, we provide evidence that ER*α* triggers non-canonical autophagy independent of ligand binding and its ERE-mediated transcription factor activity in different established ER expressing cellular tumor models and human breast cancer tissue. We show that reducing autophagic activity by knockdown of BAG3 and blocking lysosomal degradation sensitizes ER*α*-positive cells to stress. The detailed analysis of the autophagy pathway shown here might open up new strategies in treating ER*α*-positive breast cancer cells that do not respond to AE- or aromatase inhibitor therapy.

Results
=======

ER expression differentially regulates transcription of autophagy-related genes
-------------------------------------------------------------------------------

ERs are either transcription factors interacting directly with estrogen response elements (EREs) and *via* interaction with other transcription factors or activate cytoplasmatic signaling cascades. As ER*α* and ER*β* are usually co-expressed, a differential analysis of the function of each receptor is experimentally challenging. We employed a well-characterized neuroblastoma cell line (SK-N-MC) lacking expression of ERs stably transfected with mock-plasmid (SK-01), estrogen receptor *α* (SK-ER*α*) or estrogen receptor *β* (SK-ER*β*).^[@bib28],\ [@bib29],\ [@bib30]^ These cell lines enable us to study the differential function of ERs in tumor cells under controlled and well-described conditions.^[@bib21],\ [@bib28],\ [@bib30],\ [@bib31],\ [@bib32],\ [@bib33],\ [@bib34]^ Additionally, we also employed the patient-derived MCF-7 breast cancer cell line as an ER*α*-positive breast cancer model endogenously expressing ER*α* but not ER*β*. All cell lines were characterized for ER expression by PCR analysis ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). As described previously, ER expression as well as enhanced autophagic activity contributes to metastatic potential and therapy resistance of different cancer types.^[@bib18],\ [@bib35]^

To study the link between ER expression and autophagy, we first performed gene expression profiling of the different cell types employing a human autophagy PCR array. Utilizing SK-01 cells as control cells not expressing ERs, we calculated gene expression of cells ectopically or endogenously expressing ER*α* or ER*β*. We analyzed groups of genes displaying the different regulatory complexes, various other ATGs, that are associated with lysosomal function and candidates that are not part of the core autophagy machinery. The results of the PCR analysis showed reduced expression of multiple genes and key autophagy components in ER*α*-expressing cells although we could detect higher autophagic activity in these cells ([Figures 1a](#fig1){ref-type="fig"}, [2a and b](#fig2){ref-type="fig"}), whereas also an upregulation for nine genes was shown. In contrast, SK-ER*β* cells showed a negative regulation for 4 genes and an upregulation for 10 genes that was not accompanied by higher autophagic activity and these genes were mainly different to those regulated in ER*α*-expressing cells. From these data, we established an '*autophagy-footprint*\' of cells expressing ER*α* or ER*β* ([Figures 1b and c](#fig1){ref-type="fig"}) and showed a fundamental difference in autophagy-related gene expression. Additionally, we could demonstrate that SK-ER*α* cells that ectopically express ER*α* have the almost identical '*autophagy-footprint*\' as ER*α*-positive MCF-7 breast cancer cells. Taken together, these data demonstrate that ER expression differentially regulates autophagy-related gene transcription in tumor cells.

ER*α* induces non-canonical autophagic activity
-----------------------------------------------

Since we observed differential regulation of autophagy-related genes in ER*α*-expressing cells *versus* SK-ER*β* or SK-01 cells, we further investigated whether SK-ER*α* and MCF-7 cells show an altered autophagic activity. We first performed western blotting for LC3B (hereafter referred to as LC3), a widely accepted autophagosome marker. In ER*α*-expressing cells, the accumulation of LC3-II as well as NBR1, another well-established marker for autophagic degradation, was significantly higher than in mock-transfected SK-01 or ER*β*-expressing cells ([Figures 2a and b](#fig2){ref-type="fig"}).^[@bib36]^ To verify that the observed effects are not clonal artifacts, we screened two different stable clones of each cell type for autophagic activity by western blotting for LC3 ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}) and observed no difference in autophagic activity comparing the subclones.

Next, we determined the effect of ERs on expression of the major protein complexes of initiation, nucleation, elongation and closure of autophagosomal membranes. In most eukaryotic cellular systems, mTORC1 has been demonstrated to negatively regulate the onset of autophagy and activated mTOR is phosphorylated at serine 2448.^[@bib37],\ [@bib38]^ Although we showed that ER*α*-positive cells display an enhanced autophagic flux we observed no significant changes in the mTOR to phospho mTOR ratio ([Figure 2c](#fig2){ref-type="fig"}). In line with the mTOR data, we could also not detect an altered ratio of p70S6K to phospho p70S6K, ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), a downstream target of mTOR kinase. Surprisingly PI3KCIII, which positively controls autophagosome formation, is not upregulated in ER*α*-expressing cells ([Figure 2d](#fig2){ref-type="fig"}). PI3KCIII activity is regulated by Beclin1, which itself is bound and inhibited by Bcl2.^[@bib39]^ [Figure 2e](#fig2){ref-type="fig"} shows that ER*α*-positive cells express Bcl2 at higher levels than SK-01 cells or the SK-ER*β* clone, according to PCR array data. Further we could not reverse the autophagic flux in the ER*α*-expressing cells with knockdown of Beclin1, a key factor for canonical autophagy,^[@bib40]^ suggesting that a Beclin1-independent non-canonical autophagic pathway exists in our cell model ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). Additionally, we inhibited the activity of the PI3K complex with the specific PI3K inhibitor Wortmannin (WN) and again we could not detect a decreased autophagic flux in ER*α*-expressing cells ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}).

Consecutively, we investigated the protein level of effectors downstream of the major autophagy regulating protein complexes. We showed a strong upregulation of WIPI1 and ATG7 in ER*α*-positive cells compared with SK-01 and SK-ER*β* cells ([Figures 2f and g](#fig2){ref-type="fig"}), which have been identified earlier to function downstream of PtdIns(3)P mediating events during initiation of autophagosome formation.^[@bib41]^ BAG3 was already described to modulate autophagy in aged cells, to mitigate proteotoxicity *via* selective autophagy and non-canonical autophagy induced by proteasome inhibition.^[@bib2],\ [@bib17],\ [@bib32]^ Compared with controls, BAG3 expression in SK-ER*α* and MCF-7 was strongly enhanced and unaltered in SK-ER*β* cells ([Figure 2h](#fig2){ref-type="fig"}). It has been shown that components of the Mitogen-activated protein kinase (MAPK) pathway together with the autophagy-related proteins DRAM1 and SQSTM1 lead to enhanced autophagic activity controling migration/invasion in cancer stem cells.^[@bib18]^ As we showed increased DRAM1 and SQSTM1 mRNA, we asked whether blocking MAPK pathway activity in ER*α*-positive cells would result in lowered autophagic flux. We could not detect reduced autophagic flux after U0126 and subsequent BafA~1~ treatment ([Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}). Interestingly, DRAM1 is partially contributing to this specific ER*α*-driven autophagic pathway, as we detected a reduced autophagic flux in ER*α*-expressing cells after DRAM1 knockdown ([Supplementary Figure 5a](#sup1){ref-type="supplementary-material"}).

Additionally, we also investigated whether reducing ER*α* levels in MCF-7 cells changes autophagic activity but knockdown of ER*α* did not significantly alter the autophagic flux or BAG3 expression level. Obviously, the residual amount of ER*α* expression after RNAi knockdown is still sufficient to fulfill its role in enhancing non-canonical autophagy ([Supplementary Figure 5b](#sup1){ref-type="supplementary-material"}). This interpretation is supported by the observations that transiently overexpressing ER*α* in ER-lacking native SK-N-MC cells (precursors of SK-01, SK-ER*α* and SK-ER*β* cells) leads to enhanced autophagic flux and elevated BAG3 protein levels ([Supplementary Figure 5b](#sup1){ref-type="supplementary-material"}).

To corroborate that our finding of increased expression of autophagic markers in ER*α* cells reflect an enhanced autophagosome biogenesis rather than a decreased autophagosome clearance, we used an expression vector (ptfLC3) encoding LC3 fused to red fluorescent protein (RFP) and green fluorescent protein (GFP) in tandem (GFP-RFP-LC3).^[@bib42]^ We showed that all cell lines display red fluorescent punctae with no corresponding signal in the green channel under control conditions indicating intact fusion of autophagosomes with lysosomes. Consistent with western blotting results in [Figures 2a and b](#fig2){ref-type="fig"}, we observed an enhanced accumulation of autophagosomes in ER*α*-positive cells ([Figure 3a](#fig3){ref-type="fig"}). Quantification of GFP-RFP-LC3 punctae in every cell line ([Figure 3b](#fig3){ref-type="fig"}) further underlines our findings and demonstrates significantly higher amounts of autophagolysosome formation in ER*α*-expressing cells.

Additionally, immunofluorescence stainings of endogenous LC3 and SQSTM1 clearly emphasize an enhanced accumulation after BafA~1~ treatment in SK-ER*α* and MCF-7 cells ([Figure 3c](#fig3){ref-type="fig"}). Identifying the presence of autophagic vesicles by transmission electron microscopy is considered as gold standard of verifying autophagic activity.^[@bib43]^ Indeed, an abundance of autophagosomes and autophagolysosomes was detected in ER*α*-expressing cells compared with SK-01 and SK-ER*β* cells ([Figure 3d](#fig3){ref-type="fig"}).

These results suggest that ER*α* expression leads to enhanced autophagic flux, which is not controlled by the mTOR, PI3KCIII and MAPK pathway but key autophagy proteins such as BAG3, ATG7 and WIPI1 are strongly upregulated. This newly described non-canonical autophagy pathway is driven by ER*α*.

Increased autophagic flux is independent of ERE-mediated transcriptional activity of ER*α*
------------------------------------------------------------------------------------------

ER-mediated transcription factor activity can be induced *via* its ligand E2 or inhibited *via* the synthetic antagonist ICI 182780 (ICI). We treated all cell lines with E2 and ICI and measured expression of autophagy-related genes according to [Figure 1](#fig1){ref-type="fig"}. The cell lines tested showed classical ER signaling as we could induce ERE-mediated transcription factor activity *via* E2 and also reduce the ERE-Luciferase signal after ICI treatment ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Interestingly, neither major changes in autophagy-related gene expression ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}) nor changes in autophagic activity or expression of key autophagy proteins in any of the analyzed cells after respective drug application were observed ([Figures 4a, b](#fig4){ref-type="fig"} and [2a](#fig2){ref-type="fig"}). The key autophagy proteins studied in [Figures 2c, d](#fig2){ref-type="fig"} and [2f--h](#fig2){ref-type="fig"} also showed no significant changes in total protein expression and the ratio between phosphorylated and total mTOR was not altered ([Figure 4b](#fig4){ref-type="fig"}).

The data provided here indicate that ER*α*-mediated enhanced autophagic activity is independent of its ERE-mediated transcription factor activity and the observed ER-driven non-canonical autophagy pathway is fundamentally different to classical canonical autophagy.

Inhibition of autophagy reduces resistance of ER*α*-expressing cells to oxidative stress
----------------------------------------------------------------------------------------

Oxidative stress can lead to preferential killing of cancer cells and various pharmacological compounds with direct or indirect effects on the induction of reactive oxygen species have been used in cancer therapy.^[@bib44]^ Cells react on increased oxidative stress *via* the induction of the autophagy pathway to modify the cellular protein homeostasis. It is also discussed that autophagy is a key mechanism of cell survival during anti-estrogen treatment and progression of drug resistance in breast cancer cells.^[@bib45],\ [@bib46]^ We previously showed that ER*α* expression mediates increased resistance of neuroblastoma cells to oxidative stress.^[@bib21]^ To further investigate whether ER*α*-induced autophagy contributes to increased cell viability after stress induction we co-treated the cell lines with BafA~1~ to inhibit the late phase of autophagy ([Figures 5a--d](#fig5){ref-type="fig"}). Interestingly, the inhibition of autophagy by BafA~1~ treatment in ER*α*-expressing cells significantly reduced cell survival after H~2~O~2~ treatment that was not observed in ER*α*-negative cells ([Figures 5a--d](#fig5){ref-type="fig"}), suggesting that enhanced autophagic activity mediated by ER*α* contributes to the resistance of cells to oxidative stress and drug treatment.

Knockdown of BAG3 reduces autophagic flux and contributes to a partial reversal of stress resistance in ER*α*-expressing cells
------------------------------------------------------------------------------------------------------------------------------

BAG3 has previously been shown to modulate selective autophagy, proteotoxicity, resistance to stress and cancer-related signaling networks and we have shown that BAG3 expression is upregulated in SK-ER*α* cells.^[@bib2],\ [@bib17],\ [@bib21],\ [@bib47]^ Knockdown of BAG3 was accompanied by reduced levels of LC3-II after lysosomal inhibition in ER*α*-positive cells and to a lesser extend in SK-01 cells, demonstrating that BAG3 downregulation significantly impairs autophagic flux ([Figures 6a--c](#fig6){ref-type="fig"}). Interestingly, upon siRNA-mediated BAG3 knockdown and H~2~O~2~ treatment we detected no changes of cell death in control cells, but a significant increase in sensitivity in ER*α*-expressing cells ([Figures 6d--f](#fig6){ref-type="fig"}), that was in total even higher than after inhibiting autophagy *via* BafA~1~ treatment ([Figures 5b and d](#fig5){ref-type="fig"}).

To translate our results obtained in cellular model systems to clinically relevant conditions, we analyzed tissue from breast cancer patients characterized to be ER positive or ER negative. We could show that overall the staining intensity of autophagy markers LC3 and SQSMT1 is higher in ER-positive compared with ER-negative breast cancer tissue ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}). BAG3 expression generally was increased in some ER-positive patients but interestingly in one case investigated (patient 17889) BAG3 protein levels were reduced in regions with high ER*α* expression ([Supplementary Figure 8](#sup1){ref-type="supplementary-material"}).

Together, this set of experiments shows that interfering with the autophagy pathway reduces the resistance of ER*α*-expressing cells and sensitizes them to cell death inducing stress. Additionally, in ER-positive breast cancer patients autophagy markers are strongly increased although individual changes in BAG3 expression occur.

Discussion
==========

Breast cancer is a heterogeneous disease and clinically classified as steroid hormone receptor-positive, HER2-positive and triple-negative tumors. Approximately 70% of newly diagnosed breast cancers are ER-positive. Out of the two forms of ERs, ER*α* levels are specifically analyzed in clinical specimens because estrogen binding to ER*α* primarily stimulates proliferation of breast cancer cells. It is well known that breast cancer cells can develop endocrine resistance and resistance to anti-hormone therapy and this can be facilitated by an upregulation of the autophagic machinery^[@bib48]^ but so far the description of a detailed autophagy expression profile of ER-positive cancer cells is missing.

In our study, we employed a model of transformed cells ectopically expressing ER*α* or ER*β* as well as a patient-derived ER*α*-positive breast cancer cell line. We could show that the presence of ER*α* leads to a higher autophagic activity. This process facilitates stress resistance and survival after oxidative stress and is independent of the ERE-mediated transcription factor activity. We dissected the autophagy signaling pathway and could show that canonical key protein complexes were not specifically activated or enhanced in their expression. Surprisingly, other key autophagy-related genes out of the two ubiquitin-like conjugating systems were even markedly reduced in their expression in ER*α* cells. Furthermore, our analysis shows that treating ER*α*- or ER*β*-positive cells with E2 or ICI did not alter the identified '*autophagy-footprint*\' of these cells suggesting an ER-modulated mechanism, which is different to their function acting as bona fide transcription factors. It has been shown that ERs also function in a non-classical mode by interacting with various intracellular signaling pathways, thereby affecting indirectly the transcription of target genes independently of the classical genomic action.^[@bib49],\ [@bib50]^ This may explain the observed ERE-independent effects of ER*α* on the autophagic pathway. Canonical autophagy involves the hierarchical activity of afore-mentioned signaling complexes and ATG proteins. However, data accumulate that the formation of functional autophagosomes can bypass some of these steps but the specific mechanisms of this non-canonical autophagy pathways are still under debate.^[@bib8],\ [@bib9],\ [@bib51]^ Despite the downregulation of key autophagy genes, in our cellular system, WIPI1 and BAG3 are strongly expressed. Both proteins are key factors in regulating and executing selective autophagy and have been implicated in non-canonical autophagy pathways before.^[@bib2],\ [@bib32],\ [@bib51],\ [@bib52]^ Therefore, we provide evidence that this novel ER*α*-mediated non-canonical autophagy pathway described here, at least in part, is mediated by the function of BAG3. The partial reversal of stress resistance of ER*α*-expressing cells is seen after inhibiting the late phase of autophagy *via* BafA~1~ treatment as well as after knockdown of BAG3.

The monitored effect of BAG3 on cell survival could be explained by its role in autophagy but might also be due to its anti-apoptotic functions. The latter are thought to be regulated by a BAG3 interaction with the anti-apoptotic factor BCL2 resulting in a protection of cells from apoptotic cell death,^[@bib53]^ whereas BAG3 was also found in mitigating proteotoxicity with the consequence of an inducible resistance in tumor cells.^[@bib54],\ [@bib55]^ In addition, tumor cell apoptosis is reported to be induced by BAG3 silencing and improves drug-induced apoptosis of neoplastic cells.^[@bib56],\ [@bib57]^ Furthermore, BAG3 was described to affect the heat-shock protein 70 (HSP70)-regulated pathways intensively, which are also related to cancer cell survival and apoptosis.^[@bib58]^

In line with our recent findings, the results of a proteomic analysis revealed a role for BAG3 and Major Vault Protein as potent pro-survival factors that contribute to chemotherapy resistance in breast cancer cells.^[@bib59]^

As indicated in our study, immunofluorescence analysis of breast cancer patient tissue also showed that markers for autophagy were enhanced in ER*α*-positive samples. BAG3 was recently shown to be involved in cancer-signaling networks, to mediate a selective macroautophagy pathway upon protein aggregation and to attenuate proteotoxicity in cancer cells.^[@bib2],\ [@bib17],\ [@bib47]^ Therefore, BAG3 also represents an interesting target for therapy in breast cancers that might have already acquired resistance to anti-hormone therapy. Interestingly, in our immunofluorescence analysis one sample of ER*α*-positive tissue showed a reduced signal of BAG3. But as noted above there is great variability in breast cancer and its subtypes. Therefore, the different biological behavior of these variable cancers calls for an individual and personalized medication and treatment concepts for breast cancer patients in respect to their individual disease status. For example, some clinical approaches to lower autophagic activity in cancer cells target the mTOR and PI3K complexes. Several mTOR and PI3K inhibitors or mTOR/PI3K dual inhibitors are in early phase clinical studies or already approved for therapy.^[@bib60],\ [@bib61]^ But for a subset of breast cancer patients that would show an ER*α*-mediated '*autophagy-footprint*\' that is comparable to our results, these drugs would not fulfill their autophagy reducing action. This novel ER*α*-mediated non-canonical autophagy pathway, which we describe here, is mTOR and PI3K independent as the PI3K inhibitor Wortmannin did not reduce the autophagic flux in ER*α*-expressing cells and phosphorylation of mTOR is not altered. An unmet need exists for effective treatment strategies for anti-hormone resistant ER*α* breast cancer and BAG3 might represent an interesting alternative therapeutic target.

There are limited data on biomarkers and target proteins that predict the efficacy of autophagy inhibitors in breast cancer in general.^[@bib62]^ Therefore, an effective dissection of the autophagy pathway is needed. Establishing autophagy networks and individual '*autophagy-footprints*\' for patients could potentially improve effectiveness of drug treatment targeting the autophagy pathway as specialized medication for mTOR/PI3K-dependent canonical *versus* non-canonical autophagy could be applied. This presents a major challenge for personalized medicine and biomarker development but also a novel therapeutic chance for cancer patients.

Materials and Methods
=====================

Cell culture
------------

Human SK-N-MC cells (ATCC HTB-10) and MCF-7 cells were obtained from the American Type Cell Collection and were cultured as described previously.^[@bib21]^ All reagents for treatments were dissolved in dimethylsulfoxide (DMSO) and used in following concentrations and time intervals: 10 nM 17*β*-estradiol (E2, Sigma-Aldrich, Seelze, Germany) for 24 h; 1 *μ*M ICI 182780 (Tocris Biosciences, Bristol, UK) for 24 h; 500 nM Bafilomycin A~1~ (Enzo Life Science, Farmingdale, NY, USA) for 6 h; simultaneous treatment of 1 *μ*M Wortmannin (Sigma-Aldrich) and 100 nM Bafilomycin A~1~ for 20 h and 50 *μ*M U0126 (Promega, Madison, WI, USA) for 48 h. In case of double treatments 1 h pre-treatment with the inhibiting reagent was performed.

Transfections
-------------

For calcium phosphate method, cells were plated in 6-well plates 24 h before transfection. All reagents were set at room temperature (RT) and 10 *μ*g plasmid DNA or 20 *μ*g siRNA was mixed with 105 *μ*l H~2~O and 15 *μ*l CaCl~2~ and incubated for 5 min. In all, 120 *μ*l 2x HEPES buffer saline was added and incubated for 30 min. The suspension was directly transferred to the medium and after 24 h fresh medium was added. For visualizing autophagic activity, GFP-RFP-LC3 plasmid (ptfLC3, Addgene, Cambridge, MA, USA) was used. After additional 24 h cells were harvested or subjected to immunocytochemistry. Generation of pIRES-ER*α* and pIRES-ER*β* was described previously^[@bib29],\ [@bib30]^ and pIRES plasmid was purchased from Clonetech Laboratories (Mountain View, CA, USA).

For overexpression and siRNA mediated knockdown, cells were transfected using the calcium phosphate method or FuGENE (Promega). Details are shown in the [Supplementary information](#sup1){ref-type="supplementary-material"}. Non-sense siRNA (5\'-AUUCUCCGAACGUGUCACG-3\') was purchased as siMAX from MWG. siRNA against BAG3 was supplied from Sigma-Aldrich (SASI_Hs02_00337266). siRNA mix against DRAM1 was supplied by MWG (No 1: 5′-ACACCUCCAGAGAGUGGUA-3′ No 2: 5′-GGAUUAUGUAUAUCACGUA-3′).

Western blot analysis
---------------------

Western blot analysis was carried out as described previously.^[@bib2]^ Analysis was performed with the Fusion-SL 3500 WL system (Peqlab, Erlangen, Germany) and Aida Image Analyzer v.4v26 software (Raytest, Straubenhardt, Germany).

Immunocytochemistry
-------------------

Immunocytochemistry of cells was carried out as described previously.^[@bib2]^ The paraffin-embedded tumor samples were de-paraffinized and afterwards rehydrated with in Xylol, followed by a decreasing alcohol series (100% to 70% alcohol). The rehydration was completed by incubation with bidest H~2~O and slices were stored in water until antigen detection. Afterwards immunostaining was performed as described previously.^[@bib2]^ Cells and tissue were analyzed by microscopy using an inverted Leica TCS SP5 (Wetzlar, Germany) and Zeiss LSM710 meta confocal microscope (Oberkochen, Germany) and images were processed with Adobe Photoshop CS5 (San Jose, CA, USA) and Leica LAS AF lite software (Leica Microsystems (UK) Ltd, Milton Keynes, UK). GFP-RFP-LC3 dot formation (visualized using the GFP-RFP-LC3 expression plasmid mentioned above) was quantified by counting dots in confocal laser scanning microscopic pictures of corresponding transfected cell lines and after Bafilomycin A~1~ treatment (500 nM, 6 h). At least 56 cells per cell line were analyzed.

Transmission electron microscopy
--------------------------------

Specimen preparation and transmission electron microscopy analysis were carried out as described previously^[@bib63]^ and images were processed with Adobe Photoshop CS5.

Antibodies
----------

The antibodies used for immunocytochemistry as well as for western blot analysis in this study were as follows: ATG7 (8558, Cell Signaling Technologies, Danvers, MA, USA); BAG3 (ab47124, Abcam, Cambridge, UK); BCL2 (sc-492, Santa Cruz, Dallas, TX, USA); ER*α* (RM9101S0, Thermo Fischer Scientific, Waltham, MA, USA); ERK1/2 (9102, Cell Signaling Technologies); p-ERK1/2 (9106, Cell Signaling Technologies); LC3B (L7543, Sigma-Aldrich); mTOR (OP97, Millipore, Billerica, MA, USA); p-mTOR S2448 (ab51044, Abcam); NBR1 (00004077-M01, Abnova, Taipei, Taiwan); SQSTM1 (GP62-C, Progen, Heidelberg, Germany); PI3K Class III (4263, Cell Signaling Technologies); Tubulin (T9026, Sigma-Aldrich); WIPI1 (HPA007493, Sigma-Aldrich); Beclin1 (ab51031; Abcam); p70S6K (9202, Cell Signaling); p70S6K Thr389 (9206, Cell Signaling). Secondary antibodies were anti-mouse/rabbit/guinea pig antibodies conjugated to DyLight 488, 649 and Cy3 (immunofluorescence, Jackson ImmunoResearch, West Grove, PA, USA) or to HRP (immunoblotting, Jackson ImmunoResearch).

Human breast cancer tissue
--------------------------

Human breast cancer tumor samples were acquired by surgery from cancer patients. Details about cancer patients can be found in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}. Informed consent was obtained from all subjects and studies were approved by the Institutional Review Boards and Ethical Committee of the collaborating Centrum für Tumorerkrankungen (UCT) of the University of Frankfurt.

PCR, reverse transcription PCR and quantitative real-time PCR
-------------------------------------------------------------

PCR and quantitative real-time PCR were carried out as described previously^[@bib21]^ using HATPL-1 (Biomol, Hamburg, Germany) according to the manufacturer\'s protocol. Fold changes and *P*-values of target genes in SK-ER*α*, SK-ER*β* and MCF-7 cells compared with SK-01 cells were calculated using RT^2^ Profiler PCR Array Data Analysis Template v4.0 from Qiagen (Venlo, Netherlands). All eight housekeeping genes spotted on the array plate were used as internal controls. Only genes with a higher fold change than +1.5 or −1.5 and a *P*-value of *P*≤0.05 were treated as regulated genes.

For the detection of DRAM1 siRNA knock down, we used primer supplied by Qiagen (Hs_DRAM1_1\_SG). The housekeeping gene RPL19 was detected with the following primer sequences: forward 5\'-GAAATCGCCAATGCCAACTC-3\' and reverse 5\'-TTCCTTGGTCTTAGACCTGCG-3\'.

Primer sequences used for characterizing ER*α* and ER*β*-positive and -negative cell lines are as follows: ER*α* forward 5′-GTGCCAGGCTTTGTGGATTTG-3′ ER*α* reverse 5′-GTTACTCATGTGCCTGATGTG-3′ ER*β* forward 5′-GAGGCCTCCATGATGATGTC-3′ ER*β* reverse 5′-TCTCCAGCAGCAGGTCAT-3′ and pIRES-ER*α* and pIRES-ER*β* were used as positive controls. Samples were analyzed on a 1% agarose (Biozym, Landgraaf, Netherlands) gel. Mass Ruler DNA ladder (\#SM0403, Fermentas, Thermo Scientific, Waltham, MA, USA) was used as a reference.

ERE-luciferase assay
--------------------

SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were transfected with the ERE-Luc reporter plasmid containing EREs fused to the firefly luciferase gene (D-MTV-ERE-LUC;^[@bib64]^). Transfection was carried out as described above. After 24 h cells were stimulated with 17*β*-estradiol (10 nM) and/or ICI (1 *μ*M) for 24 h. Subsequently, cells were harvested by using the Luciferase Assay System (Promega, Cat. No. E4030). The protein concentrations were determined by BCA as described above and the luminescence readings were assigned in an automatic counter (Wallac Victor2, PerkinElmer, Waltham, MA, USA). Transfection experiments were performed in triplicates, repeated three times and normalized for identical protein contend.

Survival experiments by fluorescence activated cell sorting (FACS)
------------------------------------------------------------------

Twenty-four hours before stimulation SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were seeded in 24-well plates. Following 1 h pre-incubation with Bafilomycin A~1~ (500 nM) or DMSO, cells were treated with vehicle control, 400 *μ*M or 600 *μ*M H~2~O~2~ (Sigma-Aldrich) for 24 h. After treatment, the supernatant from the cells was collected and cells were dissolved from the plates with Trypsin digestion and again incubated with the prior collected supernatant. Following 5 min of centrifugation (800* g*) the cells were resolved in 100 *μ*l PBS. All steps were carried out on ice. Cell viability was measured by staining cells with propidium iodide (PI) (1 *μ*g/ml). PI fluorescence was determined with a FACScan Flow Cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Cell populations were pre-gated by forward scatter (FSC-Height) and side scatter (SSC-Height). Afterwards, results were analyzed with the BD CellQuest Pro Analysis software.

Statistical analysis
--------------------

Quantitative data are expressed as the means±S.E.M. Statistical comparisons between experimental groups were made using Student\'s *t-*test. Probability values of *P*≤0.05 were considered as significant.
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![Estrogen receptors differentially regulate autophagy pathway-associated gene expression. (**a**) Total RNA from SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells was characterized by using the Human Autophagy Primer Library 1 (HATPL-1) and comparing ER expressing cells to mock-plasmid transfected controls (SK-01). Red numbers indicate an upregulation greater than 1.5 fold, blue numbers indicate an downregulation greater than 1.5 fold, dark red numbers denote a *P*-value of \<0.05, black numbers depict no significant change and n.s. no significant change in gene expression within the whole group. Results represent the mean values of five independent experiments. (**b** and **c**) Cartoons display a selection of key autophagic genes of the corresponding PCR array analysis in (**a**) and show the '*autophagy-footprint*\' of ER*α* (SK-ER*α* and MCF-7) and ER*β* expressing cells. Genes highlighted in blue were downregulated, in gray not altered in expression whereas genes highlighted in red were upregulated. First numbers in (**b**) show the regulation in SK-ER*α* cells and following numbers the regulation in MCF-7 cells. In (**c**) numbers display the regulation of genes in SK-ER*β* cells compares to SK-01. n.s. indicates that there is no significant change in gene expression comparing SK-ER*α*, SK-ER*β* and MCF-7 cells to mock-transfected controls](cddis2015181f1){#fig1}

![ER*α* expression enhances autophagic flux and differentially modulates key autophagy pathway-related protein expression. (**a** and **b**) Protein extracts from vehicle or BafA~1~ treated SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were subjected to western blot analysis and calculation of autophagic flux using anti-LC3 and NBR1 antibodies. Tubulin was used as a loading control. (**a**) ER*α* expression of the different cell lines was shown *via* western blot analysis and autophagic flux was determined by the accumulation of LC3-II in a 6 h treatment period with 500 nM BafA~1~. Therefore, normalized LC3-II levels in the absence of the lysosomal inhibitor were subtracted from the corresponding levels obtained in the presence of BafA~1~. (**b**) Cells were treated as in (**a**) and autophagic flux was calculated by NBR1 expression determined by western blot. (**c**--**h**) Western blot analysis of protein extracts from untreated cells were performed for detection of indicated proteins. In the diagrams (lower panel each) levels of proteins are depicted after normalization to corresponding Tubulin levels. Values of three independent experiments in each panel are expressed as mean±S.E.M. and control SK-01 cells were set to 100%. (\*) on bars represents statistical significance of *P*\<0.05 comparing two groups and n.s. displays no statistical significant difference](cddis2015181f2){#fig2}

![ER*α* expression promotes an increase of autophagosomes and autophagic flux. (**a**) SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were transiently transfected with a GFP-RFP-LC3 fusion protein and treated with vehicle control and 500 nM of BafA~1~ for 6 h. In autophagosomes, both RFP and GFP signals are apparent whereas under acidic conditions when autophagosomes fuse with lysosomes just the RFP signal persists. In contrast, GFP signal diminishes due to a labile enhanced GFP under acidification. Representative images acquired by confocal microscopy are shown. Scale bars: 10 *μ*m. (**b**) GFP-RFP-LC3-punctae were counted in all cell lines transfected with the ptfLC3 expression plasmid and treated with 500 nM of BafA1 for 6 h before fixation. At least six different positions of the corresponding stainings per experiment were documented utilizing confocal laser scanning microscopy and counted numbers of GFP-RFP-LC3 punctae were averaged. 59 SK-0 cells, 56 SK-ER*α* cells, 59 SK-ER*β* cells and 58 MCF-7 cells were analyzed. Three independent experiments in each panel are expressed as mean±S.E.M. (\*) on bars represents statistical significance of *P*\<0.05 comparing two groups and n.s. displays no statistical significant difference. (**c**) Representative pictures of indirect immunofluorescence staining of endogenous LC3 (red) and SQSTM1 (green) in SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells, treated with vehicle control and 500 nM of BafA~1~ for 6 h, are shown. DAPI (blue) was used to stain DNA. Scale bars: 10 μm. (**d**) Typical ultrastructure of SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells visualized by using transmission electron microscopy. Magnifications of marked areas are shown in the panels to the right. ER*α*-expressing cells showed increased autophagic vesicles of different stages of maturation. Autophagosomes are indicated by A, autolysosomes by AL, nucleus by N and mitochondria by M](cddis2015181f3){#fig3}

![E2 or ICI treatment does not alter autophagic flux or expression of key autophagy pathway-related proteins. (**a**) SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were incubated with 10 nM E2 and 1 *μ*M ICI or vehicle control for 24 h. Six hours before cell lysis indicated cells were additionally treated with 500 nM BafA~1~ and subjected to western blot analysis. Autophagic flux was determined by the accumulation of LC3-II. Therefore, normalized LC3-II levels in the absence of the lysosomal inhibitor were subtracted from the corresponding levels obtained in the presence of BafA~1~. Tubulin was used as a loading control. E2 or ICI treatment does not affect autophagic flux in each of the analyzed cell types. (**b**) Cells were treated with E2 or ICI for 24 h and western blot analysis of indicated proteins was performed. Tubulin served as a loading control. Except of the pmTOR/mTOR ratio of E2 and ICI treatment of SK-ER*β* there was no effect on protein expression of pmTOR/mTOR, WIPI1, PI3KCIII, ATG7 and BAG3 after drug treatment. (**a**, **b**) Values of threre independent experiments in each panel are expressed as mean±S.E.M. and control SK-01 cells were set to 100%. (§) on bars represents statistical significance of *P*\<0.05 comparing SK-ER*α* or SK-ER*β* cells with SK-01 cells with the same treatment. (\#) on bars represents statistical significance of *P*\<0.05 comparing E2- or ICI-treated SK-ER*α* cells with E2- or ICI-treated SK-ER*β* cells. (‡) on bars displays a statistical significance of *P*\<0.05 of E2-treated SK-ER*β* cells compared with ICI-treated SK-ER*β* cells. All other combinations show no statistical significant difference](cddis2015181f4){#fig4}

![Inhibiting the late phase of autophagy *via* BafA~1~ results in enhanced cell death in ER*α-*expressing cells upon exposure to oxidative stress induced by H~2~O~2~. SK-01, SK-ER*α*, SK-ER*β* and MCF-7 cells were treated with vehicle control or 400 *μ*M and 600 *μ*M H~2~O~2~ with or without BafA~1~ (500 nM) for 24 h and cell death was quantified by flow cytometry after propidium iodid staining. Values of three independent experiments in each panel are expressed as mean±S.E.M. and representative data from the experiments are shown in FACS dot plot profiles. (\*) on bars represents statistical significance of *P*\<0.05 comparing two groups and n.s. displays no statistical significant difference](cddis2015181f5){#fig5}

![BAG3 is required for enhanced autophagic flux and resistance to oxidative stress in SK-ER*α* and MCF-7 cells. (**a**--**c**) SK-01, SK-ER*α* and MCF-7 cells were transfected with non-sense siRNA (siNS) and BAG3 siRNA (siBAG3) for 48 h, as indicated. Protein extracts from vehicle or BafA~1~-treated cells were subjected to western blot analysis and calculation of autophagic flux using anti-LC3 antibodies. Tubulin was used as a loading control. Autophagic flux was determined by the accumulation of LC3-II in a 6 h treatment period with 500 nM BafA~1~. Therefore, normalized LC3-II levels in the absence of the lysosomal inhibitor were subtracted from corresponding levels obtained in the presence of BafA~1~. (**d**--**f**) SK-01, SK-ER*α* and MCF-7 cells were transfected with non-sense siRNA (siNS) and BAG3 siRNA (siBAG3) for 48 h and treated with vehicle control or 400 *μ*M and 600 *μ*M H~2~O~2~ for 24 h, as indicated. Cell death was quantified by flow cytometry after propidium iodide staining. Values of three (SK-01), four (SK-ER*α*) and three (MCF-7) independent experiments in each panel are expressed as mean±S.E.M. and representative data from the experiments are shown in FACS dot plot profiles. (\*) on bars represents statistical significance of *P*\<0.05 comparing two groups and n.s. displays no statistical significant difference.](cddis2015181f6){#fig6}
